In addition to the ATP-binding cassette (ABC)-type nitrate/nitrite-bispecific transporter, which has a high affinity for both substrates (K m , ϳ1 M), Synechococcus elongatus has an active nitrite transport system with an apparent K m (NO 2 ؊ ) value of 20 M. We found that this activity depends on the cynABD genes, which encode a putative cyanate (NCO ؊ ) ABC-type transporter. Accordingly, nitrite transport by CynABD was competitively inhibited by NCO ؊ with a K i value of 0.025 M. The transporter was induced under conditions of nitrogen deficiency, and the induced cells showed a V max value of 11 to 13 mol/mg of chlorophyll per h for cyanate or nitrite, which could supply ϳ30% of the amount of nitrogen required for optimum growth. Its relative specificity for the substrates and regulation at transcriptional and posttranslational levels suggested that the physiological role of the bispecific cyanate/nitrite transporter in S. elongatus is to allow nitrogendeficient cells to assimilate low concentrations of cyanate in the medium. Its contribution to nitrite assimilation was significant in a mutant lacking the ABC-type nitrate/nitrite transporter, suggesting a possible role for CynABD in nitrite assimilation by cyanobacterial species that lack another high-affinity mechanism(s) for nitrite transport.
Cyanobacteria are capable of nitrate assimilation, except for the marine strains of the Prochlorococcus group (9, 14, 33, 39, 41 ) and a few strains isolated from ammonium-rich hot springs (32) . Nitrate is transported into cyanobacterial cells by an active transport system and reduced to nitrite by nitrate reductase (NR). Nitrite is further reduced to ammonium by nitrite reductase (NiR), and the resulting ammonium is assimilated as the amide group of Gln by glutamine synthetase. Nitrite thus arises in cyanobacterial cells as an intermediate of the assimilatory reduction of nitrate, but it can also serve as a good nitrogen source for cyanobacteria when added to the growth medium (13) . In the ocean, nitrite seems to serve as a nitrogen source for those strains of Prochlorococcus marinus that have NiR but not NR. Similar to nitrate, nitrite needs to be transferred into the cell before its assimilation. Because nitrous acid (HNO 2 ; the protonated form of nitrite) is a weak acid (pKa ϭ 3.15), its transfer across the plasma membrane involves two distinct mechanisms, (i) active transport of nitrite and (ii) passive diffusion of HNO 2 . The contribution of passive HNO 2 diffusion to the net uptake of nitrite decreases as the pH of the medium is raised and the nitrite concentration in the medium is lowered (12, 27) .
To date, two distinct transporters involved in the active uptake of nitrite have been identified and characterized in cyanobacteria, (i) the ATP-binding cassette (ABC)-type bispecific nitrate/nitrite transporter (NRT) encoded by the four genes nrtA, -B, -C, and -D (35, 36, 38) and (ii) the major facilitator superfamily (MFS)-type NRT encoded by a single gene, nrtP (also designated napA) (42, 48) . The ABC-type NRT is found in freshwater strains of cyanobacteria (1, 7, 30, 36) and transports both nitrate and nitrite with high affinity (28, 34) . The MFS-type NRT has been found in marine strains other than those belonging to the Prochlorococcus group (6, 42, 48) and also in one of the freshwater strains, i.e., Nostoc punctiforme (2) . Unlike the ABC-type NRT, the MFS-type NRT has much lower affinity for nitrite than for nitrate (2) . Cyanobacterial strains capable of nitrate (and hence nitrite) assimilation have either of the two types of bispecific transporters. In addition to these, a putative nitrite transporter gene has been recognized in cyanobacteria: Some NrtP-containing Synechococcus strains and the NiR-containing Prochlorococcus strains have a focA-like gene that presumably encodes a nitrite transporter. Among cyanobacteria, this gene was first recognized in the Prochlorococcus strains that have NiR but lack NR (41) . The gene forms a putative operon with the NiR structural gene nirA, except in Synechococcus sp. strain PCC7002, and the deduced protein is similar to the nitrite transporters from the green alga Chlamydomonas reinhardtii (40) , the fungus Aspergillus nidulans (49) , and Escherichia coli (8) , strongly suggesting that it has a role in nitrite transport (41) , although a functional characterization of the gene has yet to be performed.
The unicellular cyanobacterium Synechococcus elongatus has the ABC-type NRT. The four genes that encode the components of this transporter form an operon, nirA-nrtABCD-narB (designated the nirA operon), in which nirA and narB are the structural genes for NiR and NR, respectively (5, 23, 45) . The NA3 mutant of S. elongatus strain PCC7942, which was constructed by deleting the nrtABCD genes from the nirA operon, was defective in the active transport of nitrate. However, it retained significant nitrite uptake activity (28) . Detailed analysis of nitrite uptake by NA3 revealed that the cyanobacterium has an active transport system for nitrite (NIT), which has an apparent K m (NO 2 Ϫ ) of 20 M (27). Since S. elongatus does not have the focA-like gene (GenBank accession no. NC007604), its NIT activity has been ascribed to a novel transporter that has yet to be identified. In this work, we used a nitrogen-responsive promoter-reporter fusion to isolate a mutant defective in NIT activity. It is shown that the three genes cynABD, which encode an ABC-type transporter previously identified as a cyanate (NCO Ϫ ) transporter (11) , is responsible for active nitrite transport by NA3.
MATERIALS AND METHODS
Strains and growth conditions. A derivative of S. elongatus strain PCC7942 that is cured of the resident small plasmid pUH24 (R2-SPc; hereafter referred to as the wild-type strain) (21) was the parental strain of all of the mutant strains used in this study. The wild-type and mutant strains were grown photoautotrophically as described previously (46) . Ammonium-containing medium, nitrite-containing medium, and nitrate-containing medium were prepared by the addition of 3.75 mM (NH 4 ) 2 SO 4 , 5 mM NaNO 2 , and 60 mM KNO 3 , respectively, to a nitrogen-free medium obtained by the modification of BG11 medium (44) as described previously (46) . Solid media were prepared by adding 1.5% Bacto agar (Difco) to the liquid media. Media were buffered with 20 mM HEPES-KOH (pH 7.2 or 8.2) or 20 mM 2-(N-cyclohexylamino)ethanesulfonic acid (CHES)-KOH (pH 9.6). When appropriate, kanamycin and chloramphenicol were added to the media at 25 and 6 g ml Ϫ1 , respectively. Random insertional mutagenesis and isolation of mutants. A genomic library of S. elongatus was prepared with a modified pTrc99a vector, pBam99a, that was constructed by deleting the trc promoter, the lacI q gene, and all of the multiple cloning sites except the BamHI and XbaI sites as described previously (25) . Genomic DNA was partially digested with Sau3AI, and fragments of 2 to 6 kb were inserted into the BamHI site of pBam99a. Aliquots of the genomic library were partially digested with PvuI, and fragments of 4 to 10 kbp were collected. A chloramphenicol resistance (Cm r )-encoding gene cassette (10) was amplified by PCR with primers carrying PvuI recognition sequences (GGGGGGCGATC GCTCGACTAGAGTCGATCTC and GGGGGGCGATCGCGTTTAAGGGC ACCAA). After digestion with PvuI, the PCR product was ligated with the PvuI-digested genomic library and the resulting plasmids were used for transformation of E. coli JM109 to prepare a Cm r gene cassette-tagged library of S. elongatus.
Cells of the YKA1 mutant of S. elongatus, carrying a transcriptional fusion of the nitrogen-responsive promoter of nirA and the coding sequences of luxA and luxB (PnirA::luxAB) and lacking the ABC-type NRT genes nrtABCD (26) , were transformed with the Cm r gene cassette-tagged library through double-sided homologous recombination, and the transformants were selected on plates containing 5 mM nitrite and chloramphenicol at pH 9.6. After cultivation for 10 days on agar plates, colonies emitting strong bioluminescence were selected as described previously and shown to be defective in growth on 0.5 mM nitrite at pH 9.6.
Retrieval and analysis of tagged genomic DNA fragments. Genomic DNA isolated from the selected mutants was digested with BglII and fractionated by electrophoresis on a 0.7% agarose gel. DNA fragments of 2 to 10 kbp were eluted from the gel and ligated into the BamHI site of pUC19. The resulting plasmids were used for the transformation of E. coli JM109. Cm r E. coli transformants were isolated and shown to contain a plasmid carrying an S. elongatus genomic DNA fragment tagged with the Cm r gene cassette. Nucleotide sequences of the DNA regions flanking the Cm r gene cassette were determined to identify the gene(s) interrupted by, or replaced with, the Cm r gene cassette. Construction of insertion and deletion mutants. For the construction of cynA and cynB insertional mutants, a 3.3-kbp BglII-BglII DNA fragment carrying the cynABD region (from nucleotide position ϩ128 of the cynA coding sequence to position ϩ179 of the cynS coding sequence) was amplified by PCR and cloned into the BamHI site of pUC19. The Cm r gene cassette was inserted into the EcoRV and NheI sites located in cynA and cynB, respectively, in the cloned fragment. For the construction of cynD and cynS insertional mutants, a 2.6-kbp DNA fragment carrying the cynBDS coding regions (from nucleotide position ϩ1542 of the cynA coding sequence to position ϩ422 with respect to the cynS translation termination site) was amplified by PCR with primers carrying BamHI recognition sequences and cloned into the BamHI site of pUC19. The Cm r gene cassette was inserted into the NruI and BglII sites located in cynD and cynS, respectively, in the cloned fragment. The resulting plasmids were used to transform the NA3 mutant of S. elongatus to Cm r through homologous recombination. To obtain an NA3 derivative (NA4) carrying the same gene replacement as that found in the NIT1 mutants (Fig. 1) , the plasmid carrying the Cm r gene cassette-tagged DNA fragment retrieved from NIT1-1 was used to transform NA3 to Cm r . The transformants were allowed to grow on solid medium containing ammonium and chloramphenicol. After serial streak purifications to segregate homozygous mutants, the genomic DNA from the selected clones was analyzed by PCR with whole cells as templates to confirm the presence and position of the Cm r gene cassette. Expression of plasmid-encoded proteins in S. elongatus. A shuttle expression vector (pSE1) (28) was used for the expression of cloned genes in S. elongatus. A 3.3-kbp DNA fragment carrying the coding regions of cynABD and a 1.7-kbp fragment carrying those of cynBD were amplified from S. elongatus chromosomal DNA by PCR. The reverse primer carried a BamHI recognition sequence immediately downstream of the termination codon of cynD. The forward primer used for the amplification of cynABD carried mismatches with the genomic sequence that created a BspHI recognition site at the translation start site of cynA. Due to the G4A replacement in the nucleotide sequence, the CynA protein encoded by the resulting plasmid (pcynABD) carried a V2I amino acid substitution. The forward primer used for the amplification of cynBD carried mismatches with the genomic sequence that created an NcoI recognition site at the translation start site without changing the encoded amino acid sequence. The resulting plasmids were introduced into NA4 cells after verification of the nucleotide sequences.
Measurements of nitrite uptake. Cells grown in nitrate (60 mM)-containing medium (pH 8.2) were washed with the basal medium supplemented with 10 mM KHCO 3 , 5 mM K 2 CO 3 , and 20 mM CHES-KOH (pH 9.6) and suspended in the same medium at a chlorophyll (Chl) concentration of 10 g ml Ϫ1 . When the effects of ammonium on nitrite uptake were examined, 20 mM HEPES-KOH (pH 9.6) was used as the buffer because CHES interferes with the determination of ammonium. The reaction was started by addition of 30, 60, 100, or 200 M NaNO 2 to the cell suspensions, which were kept at 30°C in the light (100 E m Ϫ2 s Ϫ1 ). Aliquots were withdrawn from the cell suspensions at 10-or 15-min intervals, and after immediate centrifugation for 60 s at 15,000 ϫ g to sediment the cells, the nitrite concentration in the supernatant was determined.
Other methods. NR and NiR activities were determined at 30°C by using toluene-permeabilized cells with dithionite-reduced methylviologen as the electron donor (16, 17) . Chromosomal DNA was extracted from S. elongatus cells and purified as described by Williams (50) . The in vivo bioluminescence from S. elongatus transformants carrying a PnirA::luxAB transcriptional fusion was measured with a luminometer (ARGUS-50; Hamamatsu Photonics) as described previously (26) . Nitrite and ammonium were determined as described by Snell and Snell (43) 
RESULTS
Genes required for the nitrite transport activity of NA3. To genetically identify the genes that encode the active NIT found in the NA3 strain, we used an NA3 derivative (YKA1) carrying a PnirA::luxAB transcriptional fusion (26) as the parental strain for random mutagenesis via gene tagging. The PnirA promoter is active under nitrogen-limited conditions. Although YKA1 could grow on 0.5 mM nitrite at pH 9.6, the cells were nitrogen limited due to the low NIT capacity (see below) and the luciferase expression level was high. When grown on 5 mM nitrite (pH 9.6), by contrast, the cells were nitrogen replete and the luciferase expression level was less than 1% of that observed on the medium containing 0.5 mM nitrite, indicating that the high nitrite concentration in the medium allowed passive HNO 2 entrance to compensate for the low NIT capacity. Colonies emitting strong luminescence were selected under highnitrite conditions (5 mM nitrite and pH 9.6) after random tagging mutagenesis of YKA1 with a Cm r gene cassette. Of the six mutants thus isolated, four that showed very strong luminescence grew very slowly with significant loss of pigmentation even under high-nitrite conditions but grew normally on ammonium-containing media. These mutants carried the Cm r gene cassette inserted in the NiR structural gene nirA. The other two mutants, termed NIT1-1 and NIT1-2, showed no obvious growth phenotype on the medium containing 5 mM nitrite (pH 9.6) but grew only poorly on medium containing 0.5 mM nitrite (pH 9.6), suggesting that they were defective in the utilization of low concentrations of nitrite. In the two mutants, the Cm r gene cassette was found to replace the same 2.3-kbp genomic region carrying the cynA, cynB, and cynD genes (Fig.  1) . The cynABD genes encode components of an ABC-type transporter. cynB encodes a hydrophobic protein with structural similarities to the integral membrane components of ABC-type transporters, and cynD encodes a protein that resembles the ATP-binding protein of ABC-type transporters (15) . The deduced CynA protein (GenBank AF001333) is 28 and 26% identical to the bicarbonate-binding protein CmpA (19, 29, 37) and the nitrate/nitrite-binding protein NrtA (20, 28, 35) , respectively, and is hence supposed to be the substratebinding protein of the ABC-type transporter. The cynABD genes are located upstream of the cynS gene for cyanase, forming an operon, cynABDS (15) . Cyanase catalyzes the bicarbonate-dependent decomposition of cyanate (4), and the resulting ammonium and CO 2 can be utilized as nitrogen and carbon sources, respectively, by cyanobacterial cells (31) . Because a cynA insertional mutant was as defective in cyanate decomposition as a cynS insertional mutant was, the cynABD genes were identified as the genes for an cyanate transporter (11) .
To examine the roles of the cynA, cynB, cynD, and cynS genes in nitrite uptake by the NA3 strain, an insertional mutant of NA3 was constructed for each of the four genes (Table 1) . A cynABD deletion-insertion mutant, NA4, carrying the same gene replacement as the NIT1-1 and NIT1-2 mutants (Fig. 1) , was also constructed from NA3. Figure 2 compares the growth characteristics of these mutants with those of parental strain NA3. All of the strains grew well on 5 mM nitrite at pH 9.6 or on 0.5 mM nitrite at pH 7.2, under which conditions nitrite enters cells mainly via passive diffusion of HNO 2 (27) . On the medium containing 0.5 mM nitrite and buffered at pH 9.6, under which conditions the contribution of passive HNO 2 entrance is small, the cynA, cynB, and cynD insertion mutants and the cynABD deletion mutant NA4 failed to grow (Fig. 2 , rows c to f) while NA3 grew at an appreciable rate (row b). The growth of the cynS insertion mutant was comparable to that of NA3 under these conditions (row g). The cynABD deletion mutant failed to take up low concentrations of nitrite from a liquid medium buffered at pH 9.6, but the cynS mutant NA3S was as active as the NA3 strain in nitrite uptake (Fig. 3A) . With an initial nitrite concentration of 100 M, NA3 and NA3S consumed nitrite at the same initial rate (11 mol mg Chl Ϫ1 h Ϫ1 ) and with essentially the same time course thereafter (Fig.  3A) . These results suggested that the cynABD genes are required for NIT activity but cynS is not.
To further analyze the role of the cynABD genes in nitrite transport by NIT, a transcriptional fusion of the trc promoter and the cynABD open reading frames was introduced into cynABD deletion mutant NA4 to construct the NA42 strain by using the pSE1 shuttle expression vector. The NA43 strain, carrying a transcriptional fusion of Ptrc and two of the three cyn open reading frames (cynB and cynD), was constructed in a similar manner. The pSE1 vector was also introduced into NA4 to construct reference strain NA41. The induced NA42 cells grew on medium containing 0.5 mM nitrite at pH 9.6 (Fig.  2 , row i) and took up low concentrations of nitrite from the medium at pH 9.6 (Fig. 3B) . The NA41 and NA43 strains, by contrast, failed to grow on medium containing 0.5 mM nitrite (Fig. 2 , rows h and j) and to utilize low concentrations of nitrite (Fig. 3B) . These results confirmed that the CynA protein is essential for NIT activity.
Competitive inhibition of nitrite transport by cyanate. Given that the CynA, CynB, and CynD proteins had been identified as the components of an ABC-type cyanate transporter, the effects of cyanate on the uptake of nitrite by NA3 cells were examined (Fig. 4A) . From a medium containing 200 M nitrite and no cyanate, NA3 cells took up nitrite at an initial rate of 12 mol mg Chl Ϫ1 h Ϫ1 . When 200 M cyanate was added simultaneously with nitrite, by contrast, no uptake of nitrite was observed within 90 min after the nitrite/cyanate addition. When 20, 50, and 100 M cyanate was added to the medium simultaneously with 200 M nitrite, the nitrite concentration in the medium began to decrease after 9, 23, and 45 min, respectively, with the initial rate being the same as that observed in the absence of cyanate (12 mol mg Chl Ϫ1 h Ϫ1 ). These results indicate that the NA3 cells took up cyanate preferentially over nitrite and that nitrite uptake was effectively inhibited by cyanate. From the linear relationship between the amounts of cyanate added to the medium and the length of the time lag between the addition of nitrite/cyanate and the onset of nitrite uptake (see above), the rate of cyanate uptake was calculated as 13 mol mg Chl Ϫ1 h Ϫ1 . Unlike in NA3, 20 M cyanate was sufficient to permanently inhibit nitrite uptake by NA3S cells lacking cyanase (Fig. 4B) . This confirmed that cyanate per se inhibits the uptake of nitrite. Even when the cyanate concentration was as low as 0.03 M, the inhibitory effect of cyanate was evident and permanent. The extent of inhibition of nitrite uptake by 0.03, 0.1, 0.3, and 1 M cyanate was 12, 39, 62, and 76%, respectively. Figure  5 shows the effects of low concentrations of cyanate on the kinetics of nitrite uptake by NA3S cells. In the absence of cyanate, the nitrite transport activity of NA3S cells showed saturation kinetics with a V max value of 12.1 mol mg Chl Ϫ1 h Ϫ1 and an apparent K m (NO 2 Ϫ ) value of 19.4 M, which were close to those previously reported for the NA3 strain (27) . Nitrite uptake showed saturation kinetics in the presence of 0.06 and 0.1 M cyanate as well, with V max values of 11.1 and 11.6 mol mg Chl Ϫ1 h Ϫ1 , respectively. These values were essentially the same as that observed in the absence of cyanate. The apparent K m values for nitrite transport activity in the Posttranslational regulation of NIT activity. Similar to the activity of ABC-type NRT, NIT activity is reversibly inhibited by the addition of ammonium to the medium (27) . Since the inhibitory effect of ammonium is abolished by treating cells with methionine sulfoximine, an inhibitor of glutamine synthetase, it was assumed that a metabolic change arising from the assimilation of ammonium leads to posttranslational regulation of the nitrite transporter. In the light of the involvement of the ABC-type cyanate transporter in NIT activity, however, the mechanism of ammonium inhibition of NIT had to be reinvestigated. Cyanate is supposed to arise in cyanobacterial cells from the spontaneous dissociation of carbamoylphosphate (22), a metabolite essential for both the arginine and pyrimidine biosynthetic pathways. Since carbamoylphosphate is synthesized from Gln, CO 2 , and ATP (31) , its accumulation in the cell and hence the production of cyanate would therefore be stimulated by the addition of ammonium to nitrogen-limited cells, and the resulting cyanate may leak out of the cell and competitively inhibit NIT. To determine whether or not the inhibition of NIT by ammonium involves cyanate, the effects of ammonium on NIT activity were examined in the cyanase-deficient mutant NA3S. Like the NIT activity of NA3, that of NA3S was reversibly inhibited by ammonium (Fig.  6 ). If this inhibition by ammonium had been due to the accumulation of cyanate, it would have been permanent in NA3S, as shown in Fig. 5B . The reversibility of the ammonium inhibition of NIT indicated that cyanate was not involved.
NIT activity in wild-type cells. Similar to the nirA operon that encodes the proteins involved in nitrate assimilation, the cynABDS operon is under the control of NtcA, a Crp-type transcriptional regulator (47) , and is induced under the conditions of nitrogen deficiency (15) . In this study, we used NA3 cells grown in nitrate (60 mM)-containing medium (pH 8.2) for the characterization of nitrite uptake by NIT (Fig. 3 to 6 ). The growth of the cells was slower under these conditions than in ammonium-containing medium, indicating that the cells were nitrogen limited. In nitrite (5 mM)-containing medium (pH 8.2), on the other hand, NA3 grew as rapidly as in ammoniumcontaining medium, showing that the cells were nitrogen replete. In accordance with the dependence of the cynABDS operon and the nirA operon on NtcA, the NIT, NR, and NiR activities in nitrate-grown NA3 cells were four, two, and three times higher than those in nitrite-grown cells, respectively (Table 2). Given that the wild-type cells are nitrogen replete in nitrate-containing medium, as well as in nitrite-containing medium, we inferred that the NIT, NR, and NiR activities of nitrate-or nitrite-grown wild-type cells would be as low as those of nitrite-grown NA3 cells. In wild-type cells, however, NIT activity could not be determined by following nitrite consumption by the cells due to the presence of the ABC-type FIG. 5 . Effects of cyanate on the nitrite uptake activity kinetics of NA3S cells. Cells of the NA3S mutant were grown with 60 mM nitrate and suspended to a Chl concentration of 10 g ml Ϫ1 in nitrogen-free medium. The cell suspension was separated into three portions, two of which were supplemented with cyanate (0.06 and 0.1 M, respectively). Each cell suspension was further separated into four portions, and nitrite uptake was measured at initial nitrite concentrations of 30, 60, 100, and 200 M. The nitrite concentration in the medium was measured at 10-min intervals, and the rate of nitrite uptake after every other sampling time was calculated and plotted against the mean of the nitrite concentrations at the two relevant time points. (A) Plots of the nitrite uptake rate versus the nitrite concentration in the medium. NRT. We hence made use of the fact that nitrite uptake by the ABC-type NRT is competitively inhibited by nitrate (27) . The NIT activity of wild-type cells was estimated, by measuring the rate of nitrite uptake at a 100 M external nitrite concentration in the presence of 10 mM nitrate (Table 2) , to be ϳ3 mol mg Chl Ϫ1 h Ϫ1 in both nitrate-grown and nitrite-grown cells, which is essentially the same as that of nitrite-grown NA3 cells, as expected. The NR and NiR activities of nitrate-grown and nitrite-grown wild-type cells were also as low as the corresponding activities of nitrite-grown NA3 cells.
DISCUSSION
In the present study, genetic characterization of the previously identified "nitrite-specific" transporter (27) revealed that the transport activity is ascribed to the ABC-type cyanate transporter encoded by the cynABD genes (11) . In the previous study on the NIT (27) , competition experiments performed with nitrate, sulfate, sulfite, chlorate, and chlorite led to the notion that the NIT is "nitrite specific," but the present results demonstrate the competitive inhibition of NIT activity by cyanate ( Fig. 4 and 5) . The K i (NCO Ϫ ) value for the nitrite transport activity, and hence the K m (NCO Ϫ ) value of the CynABD transporter, was estimated to be about 0.025 M. This is nearly 800 times smaller than the K m (NO 2 Ϫ ) of the same transporter, 20 M (27). Thus, the CynABD transporter is a bispecific transporter with far greater affinity for cyanate than for nitrite. In the presence of millimolar concentrations of cyanate in the medium, passive permeation of cyanic acid (HNCO, the protonated form of cyanate) across the plasma membrane and equilibration between HNCO and cyanate account for the uptake of cyanate (see below). At submicromolar concentrations of cyanate, passive HNCO entrance into the cell would be negligible and active cyanate transport would play an essential role in the uptake and utilization of cyanate.
Similar to the nitrate assimilation operon nirA-nrtABCDnarB, the cynABDS operon is under the control of the global nitrogen regulator protein NtcA, being repressed in the presence of ammonium in the medium and activated under conditions of nitrogen deficiency (15) . Because of the lack of an ABC-type NRT, the nitrate-grown NA3 mutant of S. elongatus is under the constant stress of nitrogen limitation and expresses higher activities of NR and NiR than do nitrate-or nitrite-grown wild-type cells (Table 2) . Even in such "induced" cells, the CynABD activity was 11 to 12 mol mg Chl Ϫ1 h Ϫ1 (Table 2) , which corresponded to only ϳ30% of the nitrogen flux required for nitrogen-replete growth of the cells in dilute liquid cultures (40 mol mg Chl Ϫ1 h Ϫ1 ) (38) . The high-affinity/ low-flux nature of the cyanate transport activity seems to conform to the limited availability of cyanate in the natural environment (18) . We suggest that the primary physiological role of CynABD is to take up low concentrations of cyanate from the medium to provide the cells with small but significant amounts of nitrogen under conditions of nitrogen limitation. In nitrogen-replete cells grown with nitrate or nitrite as the nitrogen source (i.e., nitrate-or nitrite-grown wild-type cells and nitrite-grown NA3 cells), on the other hand, the level of the CynABD activity is low, being ϳ3 mol mg Chl Ϫ1 h Ϫ1 ( Table  2 ), indicating that the contribution of active cyanate uptake to the total nitrogen uptake would be less than 8% in nitrate-or nitrite-containing medium, even if there were enough cyanate in the medium to saturate the transporter.
In previous studies on cyanate metabolism in S. elongatus cells, the rate of cyanate decomposition by nitrate-grown, nitrogen-replete cells was determined to be 80 mol mg Chl Ϫ1 h Ϫ1 by measuring cyanate-dependent ammonium excretion from the cells (15, 31) . Even higher cyanate decomposition activity was observed by measuring cyanate-dependent O 2 evolution (11, 31) . The V max and K 0.5 (the substrate concentration that yields one-half of the maximum rate) of cyanate-dependent O 2 evolution were reported to be 188 mol mg Chl Ϫ1 h
Ϫ1
and 450 M, respectively (31). These kinetic parameters cannot be accounted for by the properties of the ABC-type cyanate transporter. It should be noted that the previous studies were performed at high extracellular cyanate concentrations (1 to 2 mM) and at pH values of 8.0 to 8.3. Under these conditions, passive permeation of HNCO into the cells would be fast, given that HNCO is a weak acid (pKa ϭ 3.48), as HNO 2 is (pKa ϭ 3.15). In the case of nitrite, a roughly linear relationship was observed between the uptake rate and the substrate concentration up to 150 M in the medium at pH 7.2 (27) . The uptake rate at 100 M nitrite was 45 mol mg Chl Ϫ1 h Ϫ1 , from which the rate of passive HNO 2 entrance into the cells at 100 M nitrite and pH 7.2 was calculated to be 34 mol mg Chl Ϫ1 h Ϫ1 by subtracting the rate of active nitrite transport determined at pH 9.6 (11 mol mg Chl Ϫ1 h Ϫ1 ). Assuming that the diffusion coefficients of HNCO and HNO 2 are the same and that the rate of passive permeation into the cells is proportional to the concentrations of HNCO and HNO 2 in the medium, calculations with the Henderson-Hasselbach equation predict that the rate of HNCO permeation is 220 mol mg Chl Ϫ1 h Ϫ1 at a cyanate concentration of 2 mM and pH 8.0, which is high enough to account for the rates of cyanate decomposition reported for S. elongatus cells. Nitrate-grown cells of Synechocystis sp. strain PCC6803, which lacks the cynABD genes, showed a cyanate decomposition rate of 54 mol mg Chl Ϫ1 h Ϫ1 at a 2 mM extracellular cyanate concentration and pH 8.0 (15) , showing that passive HNCO permeation into the cells was not slower than 54 mol mg Chl Ϫ1 h Ϫ1 . It should also be mentioned that Synechococcus sp. strain WH7803, which also lacks the cynABD genes, grew in medium containing 0.8 mM cyanate as the sole nitrogen source, indicating that the passive permeation of HCNO is rapid enough to satisfy the nitrogen requirements of the cells (18) . These considerations led to the conclusion that passive HNCO permeation plays a far more important role in cellular cyanate uptake than does active cyanate transport in the presence of millimolar concentrations of cyanate in the medium. It was reasonable that Espie et al. (11) failed to detect inhibitory effects of nitrite on cyanate uptake in the presence of 1 mM cyanate in the medium. The K m (NCO Ϫ ) of cyanase has been estimated to be 600 M in E. coli (3) and 70 M in Methylobacterium thiocyanatum (51) . The K 0.5 of cyanate-dependent O 2 evolution by S. elongatus cells thus seems to represent the kinetic property of cyanase. This high cyanase activity seems to be required to compensate for the low affinity of the enzyme for the substrate, compared to the extremely high affinity of the cyanate transporter.
The cynS gene for cyanase is found in 17 out of the 33 cyanobacterial genome sequences available in GenBank (as of November 2008). The cynABD genes are present in six cynS-carrying strains, i.e., S. elongatus strains PCC7942 and PCC6301, Synechococcus sp. strains PCC7002 and WH8102, P. marinus strain MED4, and Acaryochloris marina, but absent in the rest of the cynS-carrying strains or in strains that lack cynS. In five of the six strains, the genes form a putative cynABDS operon, and in the other strain (Synechococcus sp. strain WH8102), they are separated from cynS by only two genes, suggesting that the general role of cynABD is to transport cyanate. Because of the high activity of ABC-type NRT (ϳ40 mol mg Chl Ϫ1 h Ϫ1 ), the contribution of cynABD to nitrite transport seems to be marginal in S. elongatus strains PCC7942 and PCC6301. Since P. marinus strain MED4 lacks NR and NiR, there is no physiological significance of cynABD in nitrite transport. In Synechococcus sp. strain WH8102 and A. marina, on the other hand, CynABD may have physiological relevance to nitrite assimilation. These two strains have NR and NiR, indicating that they assimilate nitrate, and have NrtP instead of NrtABCD for active uptake of nitrate and nitrite. Characterization of NrtP from N. punctiforme has shown that its affinity for nitrate is as high as that of the ABC-type NRT, but that for nitrite is low; the K m (NO 2 Ϫ ) seems to be larger than 50 M (2). Since Synechococcus sp. strain WH8102 and A. marina have no other potential nitrite transporter genes, CynABD may play a significant role in nitrite assimilation by enhancing the nitrite transport activity of the cell. The last of the cynABDcarrying cyanobacteria known to date is Synechococcus sp. strain PCC7002, which has NrtP and a FocA-like transporter that presumably transport nitrite (41) , and the significance of cynABD in nitrite transport is unclear. FocA-like proteins involved in nitrite transport have been identified in C. reinhardtii (40) , Aspergillus nidulans (49) , and E. coli (8) , and the K s (NO 2 Ϫ ) or K m (NO 2 Ϫ ) of the transporter has been estimated to be 5 M in C. reinhardtii (40) and 4 M in A. nidulans (49) . Their homologs are found in many marine cyanobacterial strains, forming a putative operon with the NiR structural gene nirA, except in Synechococcus sp. strain PCC7002, strongly suggesting that it has a role in nitrite transport. It is intriguing that many of the nrtP-containing marine cyanobacteria have the focA-like gene, whereas none of the nrtABCD-containing freshwater strains has it. Although the role of the cyanobacterial focA-like genes in nitrite transport needs to be experimentally verified, the distribution of the gene seems to support our notion that enhancement of nitrite transport activity is important in NrtP-carrying strains.
